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Introduction
Primary biliary cholangitis (PBC) is a chronic autoimmune liver disease characterized by a nonsuppurative destructive cholangitis of the small intrahepatic bile ducts. The disease presents usually many years prior to the development of end-stage liver disease, and its natural history of liver cirrhosis can often be prevented with timely diagnosis and sufficient treatment [1] .
While in most cases the liver manifestation of the disease is amenable to treatment, the majority of PBC patients suffer from a number of extrahepatic symptoms, e.g. Sicca-syndrome, arthralgia and, most of all, fatigue. Fatigue is a complex symptom characterized by the feeling of exhaustion, lethargy, and discomfort and affects approximately 50% of PBC patients. Despite its major impact on patients´quality of life as well as survival, treatment options for fatigue, however, are very limited, resulting in frustration in both, patients and physicians [2] [3] [4] .
Searching for treatment options for fatigue requires a better understanding of its pathophysiology. Interestingly, previous studies have pointed out that fatigue in PBC is independent from the hepatic disease activity or stage and does not substantially improve after liver transplantation [2] [3] [4] [5] [6] . This points towards an extrahepatic pathway underlying fatigue in PBC. Some authors have proposed changes in the central nervous system (CNS) to be responsible for fatigue in PBC [4, 6] . This idea mainly originates from reports on CNS changes in bile duct resected rats [7] or cognitive dysfunction of affected patients [8, 9] . A very limited number of neuroimaging studies have reported white matter or globus pallidus abnormalities in PBC patients with fatigue by using T1-and T2-weighted cerebral magnetic resonance imaging (cMRI) or magnetization transfer scans. These studies, however, were rather small, partly uncontrolled or failed to correlate CNS alterations found with the patients´degree of fatigue [9] [10] [11] .
Diffusion tensor imaging (DTI) is a MRI technique that provides unique insights into brain network connectivity by measuring the diffusive motion of tissue water. DTI particularly enables to explore the white matter structure in vivo and has thus been implemented to investigate abnormalities in numerous neurological disorders [12] . While several reports have demonstrated a relationship between the degree of white matter abnormalities and fatigue in multiple sclerosis, a neuroimmunological disorder often associated with fatigue [13] , DTI data for PBC are scarce and limited to a small pilot study that recently reported altered diffusion coefficients in the thalamus of pre-cirrhotic PBC patients [14] .
We hypothesized that in patients with PBC severe fatigue is associated with an impaired cognitive and attention performance as well as significant CNS alterations in form of structural brain abnormalities. We thus performed a case-control structural cMRI study with PBC patients and correlated the results to the degree of the study participants´cognitive and attention performance.
Materials and methods

Human subjects
The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the local ethics committee (PV3932; Ethics Committee of the Medical Association Hamburg, Germany). After obtaining informed written consent, 20 female patients with well-defined PBC according to the practice guidelines for cholestatic liver diseases of the European Association for the Study of the Liver [1] as well as 20 healthy agematched (±3 years) female volunteers were included. All PBC patients were outpatients of a tertiary care center in Germany (Hamburg). In order to reveal potential fatigue associated cognitive or attention deficits as well as structural brain changes in the PBC group, only PBC patients were included, who reported to be severely affected from fatigue on regular outpatient clinic visits. Nevertheless, the severity of fatigue and associated symptoms were additionally measured using established questionnaires (see experimental procedure). After study inclusion, however, no patient was excluded due to an unexpectedly low fatigue score. All participants were right handed without a history of neurological disease, contraindications for MRI and without any known fatigue-related disease other than PBC.
Experimental procedure
For all subjects, the experimental procedure included clinical scales to assess fatigue and psychological symptoms (i), a cognitive assessment (ii), a computerized test battery of attention performance (TAP) (iii) as well as cMRI measurement (iv). For a detailed description of the experimental procedure see the supporting information (S1 Appendix).
(i) Previously described fatigue scores for PBC are not available in a validated form in German [15, 16] . Therefore, the Würzburg depletion Inventory for multiple sclerosis (WEIMUS, German, Würzburger Erschöpfungsinventar für Multiple Sklerose), a validated instrument that measures fatigue in patients with multiple sclerosis and differentiates between physical and cognitive fatigue, was used for fatigue assessment [17] . Psychological symptoms potentially associated to fatigue were assessed with the "Beck Depression Inventory" (BDI) [18] and the "Symptom check list of Derogatis" (SCL-90-R) [19] .
(ii) The cognitive assessment addressed working memory (digit span test, digit ordering test A and B) [20] , cognitive flexibility (trailmaiking test A and B) [21] [22] [23] and verbal fluency (German, Regensburger Wortflüssigkeitstest. Subtests: lexical and semantic) [24] .
(iii) To measure different components of attention a computerized test battery of attention performance (TAP, PSYTEST, Herzogenrath, Germany) was used, including the subtests alertness, divided attention (auditive and visual), vigilance and alertness in this sequence (duration: approximately 45 minutes). In every subtest the participant had to react to a stimulus on a screen as fast as possible by pressing a button. Reaction time was recorded. The subtest alertness consisted of two parts, with and without an acoustic warning signal before the stimulus presentation in order to investigate the tonic and phasic alertness and was repeated at the end of the TAP (alertness II) to detect deterioration over time. For the same reason, results from the 30 minutes subtest vigilance were recorded separately for the first and second half of the test.
(iv) Structural images were acquired on a 3 Tesla Siemens MAGNETOM Skyra scanner with a 20-Channel head coil. We recorded a T1-weighted 3D dataset with a MPRAGE sequence with a repetition time of 2400 ms, an echo time of 3.59 ms with 0.8 mm isotropic voxel and a field of view of 256 x 256. Diffusion-weighted sequences consisted of 50 axial slices with a 128 x 128 matrix, 2 mm slice thickness and 2 mm interslice gap. They were measured using a repetition time of 7200 ms, an echo time of 86 ms and an 80˚flip angle.
Statistical analysis of the clinical and experimental (non cMRI/DTI) data
Patient and experimental data (i-iii) including figure bars were described using the median value accompanied by the first (Q1) and the third quartile (Q3). For the statistical analysis a Wilcoxon matched pairs test was used as test results were irregularly distributed (D'Agostino & Pearson omnibus normality test) and a p-value <0.05 was considered to be statistically significant. To compare the deterioration of reaction time during the subtest vigilance (TAP) a two-way ANOVA was used.
Voxel-based morphometry analysis
Voxel-based morphometry (VBM) is a technique to analyses structural changes of the brains grey matter using T1-weighted MR images. VBM analysis was carried out using Statistical Parametric Mapping 12b (SPM, http://www.fil.ion.ucl.ac.uk/spm). After preprocessing a twosample t-test was computed as group statistic for every voxel, whereby age and intracranial volume were considered as confounding factors. With respect to the whole cohort, we additionally correlated the results of selected neuropsychological tests with the grey matter volume using a multiple regression analysis. All results were corrected for multiple testing using the false discovery rate correction and considered at a false discovery rate corrected p-value of 0.05 with xjview (https://www.nitrc.org/projects/xjview) [25] . To detect grey matter differences that may become significant at a larger sample size we considered the results also at an uncorrected p-value of 0.001, which is a common method to explore patient data. Due to an increase of the alpha error it has to be acknowledged, though, that this approach may produce false positive results.
Diffusion tensor imaging analysis
Preprocessing and tract-based analysis of the DTI data was implemented using the FMRIB Software Library [26] , the DTI ToolKit (http://www.nitrc.org/projects/dtitk/) and Tract-based spatial statistics [27] . Statistics were computed for fractional anisotropy and mean diffusivity using 10000 permutations and the contrast of patients versus controls and controls versus patients were considered. Again the influence of selected neuropsychological test results now on white matter changes were computed using permutation tests with 10000 permutations. Data were corrected for multiple comparison using threshold-free cluster enhancement and considered at a p-value of 0.05 [28] . Additionally, a region of interest analysis was performed using the IIT Human brain atlas template bundles as regions of interest and a 7 x 2 x 2 ANOVA (region x group x hemisphere) respectively a t-test.
Results
Patient characteristics
20 female patients with well-defined PBC (median age 55.5 [49.0-64.3] years) as well as 20 healthy age-matched female volunteers (median age 56.5 [44. .0] years) were included. All PBC patients had detectable levels of PBC specific antibodies and received ursodeoxycholic acid. For detailed information about the patient cohort see Table 1 .
Assessment of fatigue und psychological symptoms
Consistent with the patient selection, fatigue was found to be significantly severer in the PBC group as compared to healthy controls, both with respect to cognitive and physical as well as total fatigue (median total WEIMUS score PBC vs. Control: 26.0 [10.3-41.8] vs. 1.5 [0.0-8.5]; p<0.01). In addition, patients with PBC were significantly more affected by depressive (BDI) and psychological symptoms (SCL-90-R) (Fig 1A-1C , Table 2 ). The subanalysis of the SCL-90-R score demonstrated that except for paranoid symptoms and uncertainty this difference was significant in every subscore, including somatization, compulsive behavior, depression, anxiety, aggressiveness, phobia as well as general psychiatric and additional symptoms (Fig 1D) .
Cognitive assessment
The cognitive assessment revealed no differences with respect to working memory (digit span, digit ordering A/B) and cognitive flexibility (trailmaking A/B) between PBC patients and controls. Results Table 2 ).
Computerized test battery of attention performance
Using the computerized test battery of attention performance (TAP) no differences were detected with respect to the study participants´reaction time in the subtest alertness (alertness Table 1 I, with/without warning signal), divided attention (auditive/visual) or vigilance (Fig 3A-3C , Table 2 ). In addition, no differences of test results were observed when repeating the subtest alertness at the end of the TAP (alertness II, Fig 3D, Table 2 ), nor did the PBC patients´reaction time deteriorate more between the first and second half during the subtest vigilance (F(1, 38) = 2.52, p = 0.12, two-way ANOVA).
Voxel-based morphometry
Voxel-based morphometry (VBM) revealed no significant changes in the grey matter volume of PBC patients with fatigue compared to healthy controls if corrected for multiple comparisons (false discovery rate corrected p-value of 0.05). To detect grey matter changes that may become significant at a larger sample size an additional exploratory analysis at a more lenient threshold (p<0.001, cluster threshold 50 voxel) was performed. This analysis showed a reduction of the PBC patients´grey matter volume in the right superior frontal gyrus, the left inferior temporal and inferior parietal gyrus as well as in the right supramarginal gyrus and in the brainstem (Fig 4A, Table 3A) .
Furthermore, data from VBM analysis were correlated to results from selected neuropsychological tests in the overall cohort. No significant results were detected for the correlation between the study participants´grey matter volume and their semantic verbal fluency (percentile rank), alertness (reaction time alertness I and II with warning signal, TAP) or vigilance (total reaction time vigilance, TAP) (false discovery rate corrected p-value of 0.05). Additionally, an exploratory analysis at a threshold of p<0.001 (cluster threshold 50 voxel) was performed for correlation analysis, as well. Results from the uncorrected correlation analysis are provided in Fig 4B-4D and Table 3B -3D.
Diffusion tensor imaging
The DTI analysis revealed no differences of fractional anisotropy and mean diffusivity between PBC patients and healthy controls. Furthermore, within the whole cohort fractional anisotropy and mean diffusivity did not correlate to the study participants´fatigue (total WEIMUS score), semantic verbal fluency (percentile rank), alertness (reaction time alertness I and II with warning signal, TAP) or vigilance (total reaction time vigilance, TAP). Additionally, the region of interest analysis of the DTI data did not reveal significant results. 
Discussion
Previous studies have pointed out the possibility of CNS alterations in patients with PBC as a pathogenetic mechanism for fatigue, but data on structural brain abnormalities are inconsistent [7] [8] [9] [10] [11] 14] . By the combined use of clinical scales, an objective assessment of cognitive and attention performance as well as structural brain imaging with T1-weighted cMRI and DTI we sought to shed further light on this issue. In spite of marked fatigue and psychological symptoms, PBC patients in our study had neither major cognitive or attention deficits, nor significant structural brain abnormalities. This appears to be in contrast to a number of previous studies. For example, Forton et al. found differences of the globus pallidus magnetization transfer ratio in 14 pre-cirrhotic patients compared to healthy controls, which was correlated to fatigue. An accumulation of manganese, which is normally excreted via the biliary route, was suggested underlying both, fatigue and MRI-changes [10] . On the other hand Hollingsworth et al. found altered T2 values in the white matter and globus pallidus in early-stage PBC patients compared to healthy controls, while T1 values of the globus pallidus were similar between both groups, arguing against altered globus pallidus manganese levels in pre-cirrhotic PBC [11] . Finally, by using T2-weighted cMRI Newton et al. described predominantly white matter lesions in 11 PBC patients and found a correlation between the total lesion load and the patients´cognitive decline [9] . In the present study we used DTI, thus enabling us to reveal early structural abnormalities of white matter. While PBC patients in the current sample showed the typical signs of fatigue, our data argue against white matter alterations as a pathogenetic factor for fatigue in PBC. In particular, we found neither a decrement of white matter in the patients 'group nor a correlation between fatigue scores or results from vigilance and attention tests with DTI measures employing both, a whole brain and a region of interest approach. At first glance, this is in contrast to a recently published pilot study by Grover et al., who described an increased mean diffusivity in the thalamus of 13 early-stage PBC patients [14] . However, compatible to our results, no differences were found in other parts of the CNS besides the thalamus, nor did fractional anisotropy differ between patients and controls, indicating that structural abnormalities of white matter play a minor role in the pathogenesis of fatigue in PBC.
In addition we also employed VBM on T1-weighted high-resolution images to detect changes in grey matter volume, which have been shown to be present in conditions associated with fatigue other than PBC before. For instance, in chronic fatigue syndrome, a rather illdefined condition, both, increases and reductions of grey matter volume have been reported [29] . While in our cohort no significant grey matter alterations between PBC patients and healthy controls were detected at a very strict statistical threshold, an analysis with a more lenient threshold suggested reduced grey matter volume in the right superior frontal gyrus, the left inferior temporal and inferior parietal gyrus as well as in the right supramarginal gyrus and in the brainstem. Thus, slight alterations of grey matter appear to be present in PBC and may in general be related to the cognition and attention. These data, however, need to be replicated in an appropriately large cohort.
A major finding of our study is the dissociation of subjective fatigue as reflected by the WEIMUS score and the preserved performance in the cognitive tasks. This seems to contrast with previous studies that established the idea of a cognitive impairment in PBC patients with fatigue [4, 8, 9, 15] . Most of these studies relied on the patients' self-reports to assess cognitive Assessment of structural brain changes in PBC patients with fatigue impairment, thus limiting validity of the data. The only study employing formal cognitive testing reported significant impairment of PBC patients in all cognitive function tests but most pronounced for verbal fluency [9] . Interestingly, PBC patients performed significantly worse than controls for verbal fluency also in the present study. Previously, fatigue in PBC has been associated with an increased daytime drowsiness [30] , suggesting an impairment of attention in PBC as well. Using a computerized assessment to measure attention performance, our study for the first time evaluated, whether attention deficits are present in PBC patients with severe fatigue. Interestingly, no attention impairment was detected in our patient cohort, nor did PBC patients show a more severe deterioration of attention over time than healthy controls. This may have positive implications for a variety of aspects in daily life, e.g. with respect to driving ability, that has been found to be reduced in conditions other than fatigue, such as minimal hepatic encephalopathy [31] .
We selected PBC patients specifically for a high degree of fatigue, which prevented us from a reasonable correlation of the fatigue severity with other test results, e.g. cMRI data, within the patient group. This approach was chosen to enhance the probability of detecting structural brain abnormalities, if present, making it unlikely that structural brain alterations associated with fatigue were underestimated in our study. A potential limitation of the current study is the use of the WEIMUS scale, developed for assessment of fatigue in multiple sclerosis. We chose this scale, as it is available in a validated form in German, which is an advantage over PBC-40 and the Fatigue Impact Scale (FIS) addressing fatigue in PBC patients [15, 16] . As fatigue symptoms cut across diagnostic boundaries and, moreover, the WEIMUS differentiates between physical and cognitive fatigue, we considered this instrument to resemble the domains "fatigue" and "cognitive function" of the PBC-40 best and therefore to be most appropriate for the present purpose.
To summarize, the relevance of fatigue and the high burden of associated psychological symptoms was confirmed in a cohort of patients with PBC. Except for a modest impairment of verbal fluency, patients with PBC were not impaired with regard to cognitive and attention performance. Moreover, PBC was not associated with major structural brain abnormalities of either grey or white matter. We take these findings to suggest functional rather than structural changes underlying fatigue in PBC. These functional alterations would be best assessed in a heterogeneous cohort of PBC patients with and without fatigue using measures such as eventrelated potentials or resting state functional MRI [32, 33] .
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